Objective: Alemtuzumab exerts its clinical efficacy by its specific pattern of depletion and repopulation of different immune cells. Beyond long-term immunologic and clinical data, little is known about acute changes in immunologic and routine laboratory parameters and their clinical relevance during the initial alemtuzumab infusion.
Much immunologic and clinical data are available regarding long-term follow-up after treatment with alemtuzumab. [9] [10] [11] However, limited information is available regarding acute immunologic and laboratory changes during the first alemtuzumab infusion week. In clinical trials, laboratory testing was only performed before and 1 month after alemtuzumab infusion. 12, 13 As IARs may mimic infections, acute changes in classical laboratory parameters during infusions by alemtuzumab may be of importance. Previous reports have evaluated the immediate impact on serum cytokine levels and acute phase proteins associated with IARs and transient clinical exacerbation in neurologic symptoms in initial off-label use of alemtuzumab in patients with MS. 14, 15 However, these reports are not based on the actual protocol for alemtuzumab infusion delivering 5 alemtuzumab infusions of 12 mg over 4 hours with prior 1,000 mg methylprednisolone infusions on days 1-3, which were utilized in the phase 3 studies. 8 Importantly, the preceding methylprednisolone infusions seem to mitigate a lot of the previously observed IARs. 8 Nevertheless, the acute cellular and serologic effects of the first alemtuzumab infusion week have not been systemically analyzed. Specific infections, such as Listeria meningitis, seem to be more prevalent after alemtuzumab infusion 16 ; however, the exact effects on the acquired vs innate immune system directly after alemtuzumab application are unknown.
In this study, we evaluated 15 patients by monitoring patients' vital signs and routine blood analysis as well as utilizing sophisticated immunologic analyses including serum cytokine levels and changes in the proportion of immune cell subtypes including analysis of the acquired and innate immune system regarding cell frequency and function and clinical relevance in the first alemtuzumab infusion week.
METHODS Patients and study approval. In our study, we included 15 patients diagnosed with RRMS and active disease treated with alemtuzumab after critical review of clinical and MRI data and extensive discussion of available treatment options (table) . The experiments were approved by the institutional review board of the University Hospital of Dresden. Patients gave their written informed consent.
Alemtuzumab infusion protocol and blood sampling. The alemtuzumab infusion protocol used in our MS center is based on the standardized infusion protocol described and utilized in
Comparison of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis (CARE-MS) 1 and 2 clinical trials 8, 12, 13 : 12 mg alemtuzumab was given on 5 consecutive days IV over the course of 4 hours. On days 1-3, patients were pretreated with 1,000 mg IV methylprednisolone 1 hour before the alemtuzumab infusion. Patients received prophylactic antihistaminergic treatment including 5 mg of oral desloratadine and 300 mg ranitidine twice daily as well as 200 mg of oral acyclovir twice daily beginning the evening before the first infusion. Before each alemtuzumab infusion, patients received 1 g IV paracetamol. Monitoring of vital signs including blood pressure, heart rate, and body temperature were performed each day before starting and hourly until 1 hour after the end of the alemtuzumab infusion. Blood samples were taken prior to methylprednisolone, after methylprednisolone, and after alemtuzumab administration on each of the 5 consecutive days (figure 1). To control for methylprednisolone effects, blood samples of 5 patients with RRMS, not receiving continuous immunomodulatory or immunosuppressive therapy, treated for 3 days with 1,000 mg IV methylprednisolone for acute relapse treatment served as controls.
Routine blood analysis. Standardized blood testing was performed for routine blood parameters at the Institute of Clinical Chemistry and Laboratory Medicine, University Hospital in Dresden, Germany. The institute complies with standards required by DIN-EN-ISO-15189:2014 for medical laboratories. Routine blood testing included complete blood cell count, liver enzymes, pancreatic-amylase, creatinine, sodium and potassium, thyroid-stimulating hormone (TSH), and acute-phase proteins including C-reactive protein (CRP), procalcitonin (PCT), lactate dehydrogenase (LDH), and complement components c3 and c4.
Immune cell phenotyping by fluorescence-activated cell sorting. After blood collection, peripheral blood mononuclear cells (PBMC) were prepared by Ficoll-Hypaque (Biochrom, Berlin, Germany) density centrifugation. Subpopulations of T cells, B cells, natural killer (NK) cells, and antigen-presenting cells (APC) were characterized by surface staining with fluorescencelabeled anti-CD3, anti-CD4, anti-CD8, anti-CD16, anti-CD14, anti-CD19, anti-CD56 (BD Biosciences, Heidelberg, Germany) or anti-BDCA2, and anti-slan (Miltenyi Biotec, Bergisch-Gladbach, Germany) according to the manufacturer's instructions. Negative controls included directly labeled or unlabeled isotype-matched irrelevant antibodies (BD Biosciences). Cells were evaluated on LSR-Fortessa (BD Biosciences).
Cytokine assay. During alemtuzumab infusions, serum samples were taken and directly frozen (280°C) after collection. Afterwards, serum was analyzed to obtain concentrations of interleukin (IL)-1b, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, IL-17A, IL-22, interferon (IFN)-g, and tumor necrosis factor (TNF)-a using a commercial multiplexed fluorescent beadbased immunoassay (eBioscience, Frankfurt, Germany) according to the manufacturer's instructions. To investigate the potential of PBMCs to release cytokines upon stimulation ex vivo after alemtuzumab infusions, freshly prepared PBMC were suspended in culture medium consisting of RPMI 1640 (Biochrom), 5% human AB-serum (CC pro, Neustadt, Germany), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Biochrom), plated on round-bottomed 96-well plates at 2 3 10 5 cells per well, and maintained for 18 hours in cell culture. Cytostim (Miltenyi Biotec) was added for the last 4 hours to stimulate cytokine release in lymphocytes; lipopolysaccharide (LPS) (1 mg/mL; Sigma Aldrich) was included for the complete 18 hours to stimulate cytokine release in dendritic cells (DC) and monocytes. Unstimulated cells served as controls. Supernatants were collected and the concentrations of cytokines were determined using the commercial multiplexed fluorescent bead-based immunoassay as described above.
Statistical analysis. The Mann-Whitney test or Wilcoxon matched pairs test were used to assess the significance of the results. Values of *p , 0.05, **p , 0.01, and ***p , 0.001 were considered significant.
RESULTS

Stable vital signs and mild adverse events.
There were no relevant changes in blood pressure (figure 2A) or body temperature (figure 2C) during the infusion procedure. All patients received antipyretics before each alemtuzumab infusion. Only one patient had febrile body temperature on day 4 within the last hours of alemtuzumab infusion. In all patients, heart rate was significantly increased within the last hours of alemtuzumab infusion on the first day, but remained within physiologic range during the following infusion days (figure 2B).
Adverse events were mostly mild during the infusion. Headache, fatigue, and nausea were the most common adverse events within the first days: 7/15 patients on day 1, 6/15 patients on day 2, 3/15 patients on day 3, 5/15 patients on day 4, 4/15 patients on day 5. Exanthema was noticed in 5/15 patients on day 4 and in 5/15 patients on day 5. After antihistamine and methylprednisolone administration, exanthema rapidly resolved in all treated patients. There were no severe adverse events.
Acute effects on blood cell count. After the first day of infusion, leukocyte counts increased in all patients but declined to normal during subsequent days (figure 3A.a). This observation could be primarily attributed to increased neutrophil counts (figure 3A.b), as the number of eosinophils and basophils dropped (figure 3, A.c and A.d). Absolute lymphocyte counts were decreased by the first day of infusion and remained low, close to the limit of detection (figure 3A.e). During infusion, monocytes and platelets decreased (figure 3, A.f and A.g). No changes were detectable for hemoglobin, hematocrit, or erythrocyte count (data not shown). One month after alemtuzumab infusion, all cell types recovered to physiologic values with the exception of the absolute lymphocyte count (figure 3, A.a-A.g).
Effects mediated by methylprednisolone treatment.
Methylprednisolone-treated patients were analyzed in order to differentiate methylprednisolone and alemtuzumab effects. Patients with RRMS treated with methylprednisolone exhibited increases in leukocyte and neutrophil counts, whereas eosinophil and basophil counts were decreased (figure e-1, (a)A-D, at Neurology.org/nn). In contrast to the effects of alemtuzumab infusion, lymphocyte counts remained stable and monocytes even increased (figure e-1, (a)E-F) after methylprednisolone treatment. Of the investigated serologic parameters, only LDH levels slightly increased. All other parameters measured, including platelet count, liver enzymes, kidney function, TSH, and acute phase proteins, did not exhibit significant changes during methylprednisolone treatment (figure e-1, a-c). Increase in liver enzymes. A significant increase, up to 2.53 the normal upper limit, was observed in alanine aminotransferase, g-glutamyltransferase, and to a lesser extent, aspartate aminotransferase levels on days 3-5 (figure 3, B.a-B.c). Analysis of pancreatic amylase showed only a slight increase on day 5 as compared to baseline without reaching pathologic levels ( figure 3B.d) . Kidney function parameters including creatinine (figure 3B.e), glomerular filtration rate, as well as sodium and potassium levels (data not shown) remained stable within physiologic ranges. TSH dropped significantly on days 2-4, but returned to baseline values on day 5 (figure 3B.f). One month after alemtuzumab infusion, all measured parameters returned to physiologic values (figure 3, B.a-B.f, M1).
Increase in acute phase proteins unrelated to infection.
After the first methylprednisolone and alemtuzumab infusion, CRP significantly increased up to the upper normal limit of 106 mg/mL, declined in the following days, and peaked again on day 5 ( figure 3C.a) . Also, PCT markedly increased up to 55 ng/mL after alemtuzumab infusion (figure 3C.b). PCT and CRP returned to normal 1 month after alemtuzumab infusion (figure 3, C.a-C.b, M1). Furthermore, LDH significantly increased pathologically even after first alemtuzumab infusion and declined in the following days. Also, LDH returned to normal during 1 month follow-up (figure 3 C.c, M1). Complement activation was evaluated by complement c3 and c4 serum levels, which kept stable during the whole infusion cycle (figure 3, C.d-C.e).
Effects on selective immune cell subtypes. There were no significant effects directly after methylprednisolone infusion on CD31, CD41, CD81, or CD191 cell numbers. In contrast, alemtuzumab infusion led to a dramatic rapid drop in CD31, CD41, CD81, and CD191 lymphocytes ( figure 4, A-D) . Interestingly, partial recovery was observed overnight until the next day's infusion, which was again followed by a marked drop (figure 4, A-D, D2A). After day 3, CD31, CD41, CD81, and CD191 lymphocytes were present at very low frequencies in the blood ( figure 4, A-D) . In addition, NK cells dropped significantly after the first alemtuzumab infusion and remained stable at low levels ( figure 4E ). Each methylprednisolone infusion led to an increase in CD141
monocytes, yet after alemtuzumab infusion monocyte counts dropped significantly. Monocytes partially recovered until the next infusion day ( figure 4F) . Alemtuzumab led to a significant drop in various 
DC populations including slan DCs and plasmacytoid DCs (figure 4, G and H).
Increased serum cytokine levels and impaired immune cell activation after alemtuzumab infusion. Methylprednisolone had no impact on serum cytokine levels, but alemtuzumab infusion led to a significant increase in IL-6, IL-1b, TNF-a, IFN-g, and IL-10 (figure 5, A.a-A.e, D1C). Each cytokine then decreased at unique rates over the next days of infusion (figure 5, A.a-A.e, D2-D5).
After stimulation of T cells with Cytostim, an increase in IFN-g, IL-17A, IL-2, TNF-a, and IL-10 was documented in supernatants of stimulated cells collected prior to the first infusion ( figure 5,  B.a-B.e, D1A) . After the first methylprednisolone infusion, the amount of IFN-g, IL-17A, IL-2, and IL-10 produced after stimulation was slightly decreased ( figure 5, B.a-B DISCUSSION For the first time, we have systematically analyzed the acute cellular and serologic effects of alemtuzumab during the first infusion week in 15 patients with active MS. Our data rely on the actual infusion procedure used during the phase 3 clinical trials, administering 12 mg alemtuzumab on 5 consecutive days with preceding methylprednisolone infusion on days 1-3. 8, 12, 13 This is of importance as CD52-specific cell depletion is responsible for the high clinically efficacy as well as for the IARs common with cell-depleting monoclonal antibodies. In contrast to the previous off-label use of alemtuzumab, we present acute effects and their management during the use of a standardized infusion protocol, which is mandatory since alemtuzumab approval in clinical practice today. In 90% of treated patients who did not receive methylprednisolone pretreatment, alemtuzumab infusion causes an acute cytokine release syndrome consisting clinically of pyrexia, headache, malaise, and an urticarial rash and may be accompanied by a transient exacerbation of neurologic symptoms as described in premarketing reports.
14,15 These symptoms can be managed by pretreatment with corticosteroids, antihistamines, and paracetamol 8 and are, in general, well-tolerated, which we observed in our 15 patients as well. Our patients complained about transient fatigue, headache, and nausea, but also mild to moderate exanthema, and presented with heart rate increases after the initial alemtuzumab infusion.
Cytokine release and lymphocyte activation could account for such IARs. 5, 14, 15 Up until now, the detailed pathophysiology of this so-called cytokine release syndrome, especially observed after T-cell-targeted antibody treatments, is poorly understood. 6, 7, 17 Induction of serum cytokines could be due to crosslinking of NK cells in addition to cell lysis. 5 Although it is difficult to compare, our patients demonstrated lower levels of serum cytokines after initial alemtuzumab infusions as compared to other reports of cytokine levels that did not utilize our standardized infusion procedure and methylprednisolone pretreatment. 14, 17 These results are in line with fewer adverse events in our patient group and provide evidence that pretreatment and concomitant methylprednisolone treatment incorporated into the standard infusion protocol may attenuate cytokine release syndrome and help reduce IARs to enhance patient tolerance. 8 One limitation of our study is that we did not measure histamine levels in our patients. As decrease of IAR symptoms was linked to the preventive or symptomatic use of antihistamine medications, pathophysiology of IARs seems to be histamine-modulated.
The alemtuzumab-mediated depletion of CD52-expressing cells takes place rapidly after the initial alemtuzumab infusion, as seen in our 15 patients. Here, we report that alemtuzumab led to depletion within a fewminutes after infusion, which is known to be mediated via antibody-dependent cell-mediated cytolysis and complement-dependent cytolysis. Depletion within secondary lymphoid tissues appears trivial when extrapolating data from the human CD52 transgenic mouse. 18 Differential depletion and repopulation could affect the number, proportion, and properties of different lymphocyte subsets, which in turn may lead to a rebalancing of the immune system responsible for the longterm effects of alemtuzumab. [18] [19] [20] The rapid onset of alemtuzumab treatment effects can be explained by depletion of cells of the acquired and innate immune system, including the impairment in activation as well as cytokine release. Although there was a partial recovery on the second day, lymphocytes and monocytes were significantly decreased between infusion days 3 and 5. According to our data, peripheral immune cell counts cannot be used to monitor quantity of alemtuzumab depletion during the infusion week as the window of blood cells is narrow and does not allow extrapolation on the effect in all immune compartments. 21 Interestingly, cellular depletion and decreased activation with reduced cytokine release after stimulation could be demonstrated not only for lymphocytes, but also for cells of the innate immune system. We found a significant drop in cell frequency in blood and decreased cytokine secretion after ex vivo LPS stimulation for both monocytes and DCs, which play an important role in MS pathophysiology. 22 However, these cells also provide the physical link between the innate and adaptive immune system, orchestrating the host defense against invading bacterial pathogens. 23, 24 The ability of alemtuzumab to deplete DCs has been previously described in chronic lymphocytic leukemia 25 and may explain cases of Listeria meningitis linked to the initial alemtuzumab infusions. 16 It is known that Listeria monocytogenes bacteria are phagocytosed by DCs via a serum-dependent mechanism. 26 Listeria meningitis infection related to alemtuzumab infusion may be evoked by a preexisting, clinically silent, and CD81 T-cell-controlled infection due to cellular depletion and activation blockade of adaptive and innate immune cells. These findings highlight the relevance of certain infections, which could be promoted by the depletion and blockade of innate immune subsets, of which clinicians should be aware within the first days after initial alemtuzumab infusion.
As infections can be facilitated by cellular depletion of the adaptive and innate immune system together and IAR symptoms like fever, headache, and fatigue may mimic infectious signs, routine blood analysis is usually a suitable tool to identify infectious conditions. While CRP has been reported as a useful marker of viral and bacterial infection, synthesis of CRP may be reduced during liver failure or after steroid treatment. 27, 28 PCT is produced in response to endotoxin and to cytokines involved in the sepsis cascade. 29 In immunocompetent and neutropenic septic patients, the prognostic value of PCT has been shown to be higher than that of CRP. 30 In our patients, alemtuzumab infusion resulted in a marked increase in both acute phase proteins, especially on the first alemtuzumab infusion day. Some patients presented with PCT and CRP levels typical for acute septic disease, 31 although all patients felt well and no infectious condition could be identified. Increases in CRP and PCT not linked to infection have been previously reported for other monoclonal antibody treatments, 32,33 but methylprednisolone was not used as in the alemtuzumab protocol. Again, this phenomenon may be explained by lymphocyte destruction and cytokine-mediated effects. 14, 24, 25 A profound stimulatory effect of TNF-a on PCT is sometimes observed. 34 After administration of TNF-a, PCT reached half-maximal concentrations within 8-12 hours earlier than CRP. 34 Hepatotoxicity could also be considered as a potential factor of CRP increase as we were able to demonstrate a distinct increase in liver enzymes as well. Our systematic analysis indicates that clinicians should be aware of the characteristic increase in CRP and PCT during the standard alemtuzumab infusion procedure. As leukocytes are markedly affected by infusions of methylprednisolone and alemtuzumab as well, these parameters are also not useful as a screen for potential infections, which are more frequent in cell-depleted patients. Thus, the need for additional analysis in such patients as seen in 2 cases of Listeria meningitis presenting with increased cell counts in CSF during the first alemtuzumab infusion week becomes apparent. 16 Acutephase proteins such as CRP and PCT are of limited value as diagnostic markers of severe bacterial infections during alemtuzumab treatment. A combination of a detailed clinical assessment and careful interpretation of collateral biochemical and microbiologic tests probably remains the optimal approach to these patients. Daily standard blood testing does not seem to be helpful during alemtuzumab infusion weeks as many cellular and serologic artifacts are observed that are not conducive to clinical interpretation. We suggest using blood tests only if indicated and knowing the characteristic alemtuzumab effects.
While kidney function was not affected by alemtuzumab treatment, liver enzymes demonstrated an increase during the last days of the alemtuzumab infusion protocol. We assume a direct alemtuzumab effect, although a delayed impact of methylprednisolone cannot be excluded. We found that liver enzymes peaked at less than 33 upper normal limit and returned to normal in 30 days. Other clinically nonsignificant laboratory findings include a transient decrease of platelet count, not indicating or comparable with immune thrombocytopenic purpura, which takes place months to years after alemtuzumab infusion. 35, 36 Drug-induced thrombocytopenia has been described for several drugs with resolution after discontinuation. 37 A comparable phenomenon was observed for TSH modulation, not associated with autoimmune thyroid disease occurring months to years later. 38 TSH, reflecting thyroid function, is known to be modulated in various clinical conditions. 39, 40 We present rapid cellular depletion and impairment of activation of different adaptive and innate immune cell subtypes accompanied by marked serum cytokine increases within the first alemtuzumab infusion week. Standardized infusion procedures including pretreatment management can attenuate immunologic and clinical effects of alemtuzumab. Nevertheless, these acute alemtuzumabmediated effects are assumed to lead to several effects observable by standard blood testing, such as noninfectious increase in leukocyte count, CRP, and PCT, which are of particular importance in identification and monitoring of infectious conditions. Furthermore, transient elevation of liver enzymes, thrombocytopenia, and TSH modulation are demonstrated. Thus, we recommend clinicians be aware of clinical symptoms and vital data to initiate supportive analysis rather than standard laboratory testing within the first alemtuzumab treatment week.
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